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ABSTRACT: Lanthanide chelating tags (LCT) have been used with great success for determining structures and interactions of 
proteins and other biological macromolecules. Recently LCTs have also been used for in-cell NMR spectroscopy, but the 
bottleneck especially for demanding applications like pseudocontact shift (PCS) NMR is the sparse availability of suitable tags that 
allow for site-selective, rigid, irreversible, fast and quantitative conjugation of chelated paramagnetic lanthanide ions to proteins via 
reduction stable bonds. We report here several such tags and focus on a new pyridine thiazole derivate of DOTA, that combines 
high affinity, rigidity and selectivity with unprecedented tagging properties. The conjugation to the cysteine thiol of the protein 
results in a reductively stable thioether bond and proceeds virtually quantitatively in less than 30 min at 100 µM protein 
concentration, ambient temperature and neutral pH. Upon conjugation of the new tag to two single cysteine mutants of ubiquitin 
and a single cysteine mutant of human carbonic anhydrase type II (30 kDa) only one stereoisomer is formed (square antiprismatic 
coordination, Λ(δδδδ)) and large to very large pseudocontact shifts as well as large residual dipolar couplings (RDC) are observed 
by NMR spectroscopy. The PCS and RDC show excellent agreement with the solid state structure of the proteins. We believe that 
the pyridine thiazole moiety reported here has the potential to serve as thiole reactive group in various conjugations applications, 
furthermore its terbium complex shows strong photoluminescence upon irradiation and may thus serve as a donor group for Förster 





































Figure 1. (A) Molecular formula of the three different LCTs 
investigated and their abbreviations. (B) Tagging reaction be-
tween Ln-M7PyThiazole-SO2Me-DOTA and ubiquitin S57C 
forming a reduction stable thioether bond. (C) Reaction kinetics 
measured by HPLC-ESI-MS for tagging of ubiquitin S57C with 
 M7Py-DOTA derivatives (black), M7FPy-DOTA (red) and 
M7PyThiazole-DOTA (blue) in 10 mM phosphate and 0.45 µM 
TCEP buffer pH 7.0. Protein concentrations were adjusted to 100-
150 µM. 
  





























































1 R1=H, R2=H, R3=CF3
2 R1=H, R2=CF3, R3=H
3 R1=F, R2=H, R3=H
+
4 R1=H, R2=H, R3=CF3
5 R1=H, R2=CF3, R3=H
6 R1=F, R2=H, R3=H
7 Ln= Lu











Table 1. Reaction kinetics of Dy-M7PyThiazole-DOTA 
[TP]a / µM pH T / K 
Conversion %b 
5 min 30 min 
100 7.0 295 >99 - 
100 7.0 278 76 >99 
10 7.0 295 56 79 c 
100 6.0 295 11 36 
100 5.0 295 <1 2 
a TP: tetrapeptide (Leu-Cys-Asp-Trp), b Conversion determined 










































13 R = SO2CH3














15 R = SO2CH3




a Reaction conditions: (i) K2CO3, MeCN, RT, 18h; (ii) 1M HCl aq., MeCN, 65 °C, 7h or TFA / CH2Cl2, RT, 36h; (iii) Ln(OTf)3, 100 mM 



























Figure 2. (A) Conjugation of Ln-M7PyThiazole-DOTA to ubiq-
uitin S57C (only a small excerpt is displayed) via formation of a 
thioether bond between the Cys57 and the pyridine thiazole moie-
ty.  (B) 1H–15N HSQC spectra of ubiquitin S57C tagged with Ln-
M7PyThiazole-DOTA, diamagnetic Lu (black) and paramagnetic 
Tm (red), Tb (blue) and Dy (orange). All spectra were recorded at 
298 K and 14.1 T in 10 mM phosphate buffer pH 6.0. Water 
signal removed for clarity. 
 
  
Table 2. Magnetic Susceptibility Tensor Parameters a for Ubiquitin b and hCA-II c. 
Protein DOTA-tag Ln 3+ Δχax / 1032 m3 Δχrh / 1032 m3 α / ° β / ° γ / ° Q d 
Ubi S57C M7FPy Tm e 17.8 (1.5) 9.8 (1.0) 2.8 (8.3) 154.3 (7.0) 27.0 (6.4) 0.02 
Ubi S57C M7PyThiazole Tm f 35.4 (0.6) 11.3 (0.7) 50.3 (1.6) 44.0 (0.9) 17.9 (3.0) 0.06 
Ubi S57C M7PyThiazole Dy f 41.9 (0.8) 26.1 (0.5) 145.9 (1.3) 84.3 (1.1) 138.4 (2.6) 0.05 
Ubi S57C M7PyThiazole Tb f 30.8 (1.1) 19.6 (0.7) 146.5 (0.9) 84.5 (1.3) 132.0 (4.1) 0.05 
Ubi K48C M7PyThiazole Tm g 47.4 (1.7) 8.3 (1.3) 88.3 (0.5) 81.5 (1.1) 143.9 (2.1) 0.04 
Ubi K48C M7PyThiazole Dy g 58.0 (2.0) 24.6 (1.0) 8.5 (0.5) 71.2 (0.8) 178.2 (2.5) 0.04 
Ubi K48C M7PyThiazole Tb g 36.0 (1.3) 21.8 (0.9) 7.1 (0.4) 70.7 (1.1) 5.0 (1.1) 0.07 
hCA-II S166C M7FPy Tm h -18.4 (0.6) -4.4 (0.8) 73.5 (2.1) 128.2 (1.8) 120.6 (1.2) 0.13 
hCA-II S166C M7PyThiazole Dy i 44.0 (1.0) 24.7 (1.5) 163.1 (5.0) 51.7 (1.6) 98.3 (7.3) 0.07 
a All tensor parameters (errors) are represented in the universal tensor representation (UTR). Tensor parameters (errors) were calculated 
using the program Numbat21 and the metal position was simultaneously fitted for all different lanthanide ions. b Only amino acids residing 
in a stable secondary structure were used (2-7, 12-16, 23-34, 38-40, 41-45, 48-49, 56-59 and 66-71). Metal coordinates were given with 
respect to the ubiquitin X-ray structure (PDB code: 1UBI). c Selectively 15N leucine labelled human carbonic anhydrase (hCA) II S166C 
C206S. Metal coordinates were given with respect to the hCA-II X-ray structure (PDB code: 3KS3).  d Q factors are calculated as root-
mean-square deviation between measured and predicted PCS divided by the root-mean-square of the measured PCS. e Metal position / Å: x 
= 20.7 (0.5), y = 11.4 (0.2), z = 12.7 (0.5). f Metal position / Å: x = 20.5 (0.2), y = 15.1 (0.1), z = 6.3 (0.2). g Metal position / Å: x = 19.0 
(0.2), y = 18.6 (0.2), z = 22.8 (0.1). h Metal position / Å: x = -16.7 (0.3), y = -0.7 (0.7), z = -9.8 (0.3).  i Metal position / Å: x = -16.7 (0.3), 
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ABBREVIATIONS	
DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; 
DTT, dithiothreitol; FRET, Förster resonance energy transfer; 
GB1, B1 domain of the protein G; hCA II, human carbonic anhy-
drase type II; LCT, lanthanide chelating tag; PCS, pseudocontact 
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